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Introduction
The endometrial subepithelial capillary plexus continually changes in a cyclic fashion in response to oestrogen and progesterone during the reproductive life of the female. This is in contrast to most other vascular beds, which unless injured maintain a high degree of stability throughout adult life. In some primate species, including man, endometrial changes include significant new vessel growth or angiogenesis, followed by sloughing and regression during menstruation. In addition to these structural changes, there are also major changes in endometrial blood flow and vascular per¬ meability in response to oestrogen and progesterone (Finn & Porter, 1975) . Although these vascu¬ lar changes are brought about by circulating hormones, it is becoming increasingly clear that control of the endometrial microvasculature occurs primarily through local mechanisms (Sheppard, 1984) . Understanding of these local mechanisms is far from complete, despite their relevance to such diverse issues as infertility, contraception and dysfunctional uterine bleeding.
Techniques developed to measure uterine blood flow in large species such as the sheep have shown that blood flow to the whole uterus is increased by oestrogen, and that this increase is reduced by progesterone and blocked by the protein synthesis inhibitor cycloheximide (Makowski, 1977) . However, suitable techniques for studying endometrial microvascular function in vivo in small animals such as the rat have not been developed to date. Such methodology would provide valuable information towards resolving the current disagreement about changes in uterine blood flow during the rat oestrous cycle. Harvey & Owen (1976) , using radioactive microspheres to measure combined endometrial and myometrial blood flow, found highest flow per 100 g of uterine tissue at pro-oestrus followed by oestrus, with lowest rates at metoestrus and dioestrus I. By contrast, Kopin & Wurtman (1963) using 42K in normal saline found that whole uterine blood flow per unit weight was lowest at oestrus, followed by metoestrus, then pro-oestrus, and highest at dioestrus. This observation was supported by the work of Einer-Jensen (1976) , who injected 85Kr in saline into the aorta and measured clearance of radioactivity from the uterine lumen with a Geiger-Muller probe. This author reported endometrial flow rates of 0-88 ± 008 ml/g/min at oestrus and 1-60 + 015 ml/g/min at dioestrus. damage to the endometrial vasculature on the side of the lumen opposite to the cut. Further heat damage was minimized by dripping saline (0-9% (w/v) NaCl) onto the cut immediately after the cutting process. Use of the microcautery was kept to the minimum sufficient to ensure that bleeding did not occur once the uterus was opened. The cut made in this way with the cautery did not extend through the thickness of the endometrium, but once blood flow along the line of the cut had been stopped by the actions of the cautery, a fine pair of scissors was used to finish the cut through to the lumen. From this point on, regular application of saline to the uterine endometrial surface prevented drying. Fine cotton thread stitched through the outermost edge of each end of the opened section of uterus was then used to position the uterus carefully over a specially designed Perspex microscope stage (see Fig. 1 ). The animal stage is based on the design of Bohlen & Gore (1976) , although the thermal block has been modified from a square to a trapezium when viewed from above to enable the rat to be moved as close as possible to the tissue pedestal, and hence minimize the uterine exteriorization necessary. The viewing window in the stainless-steel lid has been covered by a glass coverslip glued to the under side of the lid. Once the required portion of the endometrium had been positioned over the tissue pedestal the stainless-steel lid was carefully placed onto the stage and pressed down until the endometrial surface made good contact with the glass coverslip. Care was taken to ensure that the stainless-steel lid did not compromise blood flow due to excessive downwards pressure on the tissue.
Video visualization of endometrial microvasculature. Once set up, the endometrial preparation was left for 30 min to allow equilibration before starting experimental observations. At 5 min before starting observations, each rat was injected with 10 mg FITC-Dextran (mol. wt 150 000; Sigma, St Louis, MO, USA) a fluorescent marker which emits strongly between the wavelengths of 500-540 nm, in 0-2 ml saline via the tail vein. 
Results
Relative endometrial microvascular densities calculated by 3 independent observers are given in Table I . The analysis of the data was by analysis of variance. The experimental variance of each of the observers was estimated, and using Bartlett's test it was found that the variances were equal. There was no suggestion of any interaction between the observer effects and the rat group effects.
Comparisons of sample means demonstrate that the microvascular density at oestrus was signifi¬ cantly reduced compared with dioestrus I, pro-oestrus, and ovariectomy (P < 005), but not dioestrus II. Significant differences in endometrial microvascular density were not found between any other stages of the cycle.
Mean capillary path lengths for the 5 montages analysed in detail are given in Table 2 . These figures correspond to a degree with the data in Table 1 , with the shortest path lengths and the most dense microvasculature both being at dioestrus I or after ovariectomy. However, the longest capillary path lengths occurred at pro-oestrus whilst the microvascular density was lowest at oestrus.
Overall, the endometrial subepithelial capillary plexus maintained a similar topology through the oestrous cycle and after ovariectomy. Each arteriole entering the capillary plexus usually drained via one or two venules, although up to 5 or 6 venules draining one arteriole were some¬ times seen. Occasionally two arterioles fed the same venule, although this was less common. The whole capillary network was very anastomotic, resulting in many vessel segments with 'trapped' plasma and blood cells. Blood flow reversals were common in these interconnecting capillaries, even at times of the oestrous cycle when flow reversals were not seen in larger vessels. Blind-ending capillary buds or 'spikes' were present at all stages of the cycle, although it was not possible to discern whether these represented growing, steady state, or regressing vessels.
In addition to objective microvascular density measurements, a number of semi-or nonquantitative observations were also recorded at each stage of the cycle. These included information on myometrial activity within the microscope preparation, blood flow rates, leakage of FITCDextran from the microvessels into the tissues, apparent signs of angiogenesis or regression, (Fig. 2b) (Fig. 2c) .
Pro-oestrus. Blood flow was good with few stoppages or reversals. Myometrial activity was almost non-existent. Several very thin new vessels and capillary buds were seen between the main microvessels (Fig. 2d) (Fig. 2e ).
Discussion
The results from this study provide for the first time an accurate in-vivo description of the rat endometrial subepithelial capillary plexus and show significant changes in network density dur¬ ing, the oestrous cycle and after ovariectomy. It seems probable that the changing vascular den¬ sities during the cycle are caused by alterations in endometrial tissue volume and configuration, rather than by vessel growth and regression. At oestrus, for example, the significantly reduced microvascular density was primarily due to the rapid increase in endometrial volume (measured as an increase in uterine wet weight: see Kopin & Wurtman, 1963; Harvey & Owen, 1976 ). This increase in endometrial volume presumably results from an increase in microvascular per¬ meability causing a nett fluid movement from the vasculature into the tissues. Such an increase in tissue fluid, or oedema, will raise the hydrostatic pressure within the endometrium, thus tend¬ ing to compress the vasculature, and, assuming vascular perfusion pressure does not alter, will reduce blood flow to the superficial layers of the endometrium. That this happens is supported by the results of Einer-Jensen (1976), who found endometrial blood flow rates of 0-88 ml/g/min at oestrus and 1-60 ml/g/min at dioestrus in rats by using inert gas clearance techniques. By the morning of dioestrus I uterine wet weight has decreased significantly, moving the blood vessels closer together as oedema reduces. At dioestrus II changes associated with increasing concen¬ trations of circulating oestrogen (Butcher et ai, 1974; Nequin et ai, 1979) may be having an effect in some animals. Uterine wet weight may be increasing slightly, and hence vascular den¬ sity decreasing, compared with the day before. The most striking changes in endometrial struc¬ tural organization occur at pro-oestrus. At this time cervical constriction results in the massive accumulation of luminal fluid, distending the uterus to many times its diameter at dioestrus (Kennedy & Armstrong, 1975) . At this time the endometrium becomes stretched and thin. This stretching has 2 effects on the endometrial vasculature. Firstly, the superficial microvessels will be elongated and pulled further apart. The second effect, however, will be to pull the deeper ves¬ sels up into the same plane of focus as the surface vessels. Therefore, although the capillary length between each arteriole and venule is greatly increased at pro-oestrus (see Table 2 ), the vascular density does not decrease as dramaticaly as at oestrus (see Table 1 ).
The improved understanding of configurational changes in the endometrial capillary plexus resulting from this study may provide new insight into the local mechanisms regulating micro¬ vascular growth and regression. During pro-oestrus the microvasculature is under considerable force, stretching and elongating individual vessels. This stretching may provide the stimulus necessary to induce endothelial cell mitosis and hence new vessel growth. At oestrus the luminal fluid is lost, although the endometrial oedema present at this time continues to provide a strong force separating and elongating the microvasculature. Unlike the force generated by the luminal fluid at pro-oestrus (which is primarily unidirectional and pushes the endometrium outwards), the oedema at oestrus is within the endometrium, thus providing a force which greatly expands the tissue volume. As a result microvascular density is significantly reduced, as is blood perfusion per unit mass of tissue (Einer-Jensen, 1976) . These changes at oestrus will result in some cells within the endometrium no longer being within the normal functional distance of the vasculature; a situation that will presumably stimulate angiogenesis.
During dioestrus the endometrial tissue volume decreases, the lumen remains shut, and microvascular density increases while capillary length decreases. Under these conditions the endo¬ metrium is in a sense 'over-serviced' with blood vessels and can afford some to become redundant. This may well be reflected by the increased number of anastomosing capillaries showing stasis at this time. By 7 days after ovariectomy the endometrial stroma has regressed dramatically. In con¬ trast, microvascular density is at its greatest and capillary path length its shortest. These results further support the view that the endometrial microvasculature is responding to and following the changes in tissue regression rather than causing them. In summary, it is possible that the endo¬ metrium initially generates the stimuli for angiogenesis and vascular regression by controlling the nett movement of fluid in and out of the microvasculature. The physical stimuli provided by these rapid changes in fluid balance may then be replaced by changes in tissue volume due to stromal cell growth or death at a later stage.
The endometrial microvascular changes reported in this study provide strong morphological evidence to support the physiological observations of Mitchell & Yochim (1968a, b) . These authors report an average intrauterine oxygen tension (Po2) of 25-7 mmHg at oestrus, rising to 47-6 mmHg at dioestrus I, with other stages of the oestrous cycle being between these two values. Furthermore, over 5 days after ovariectomy (performed on the day of oestrus), intrauterine Po2 rose from 25-7 to 61-4 mmHg. Although blood perfusion rates and tissue respiration (which were not measured in the present study) will clearly play major roles along with microvascular density in determining Po2 values, the strong correlation between increasing Po2 and increasing microvascular density suggests a strong link between structure and function.
The level of myometrial activity reported in this study for each day of the oestrous cycle is in general agreement with the observations of Ishikawa & Fuchs (1978) . This result provides evidence that the surgery required to prepare the uterus for in-vivo microscopy had not unduly interrupted normal myometrial function.
The technique of in-vivo microscopic visualization of the endometrial subepithelial capillary plexus allowed collection of previously unobtainable information. Repeated or continuous obser¬ vations over a period of minutes to hours are now possible and the reactivity of single microvessels to different stimuli can be studied, as can differences between arterioles, capillaries and venules. Values such as blood flow direction, velocity, and vessel diameter can be measured with the appro¬ priate video image-analysis equipment, and fluorescent tracers of different molecular weight can be used to follow changes in vascular permeability. The present technique also provides a more com¬ plete picture of the entire vascular space than do other methods, such as vascular casting in which anastomotic vessels will often fail to fill with casting medium (Rogers & Gannon, 1981 
